We have computationally investigated the structure and stability of B-DNA. To this end, we have analyzed the bonding in a series of 47 stacks consisting of two base pairs, in which the base pairs cover the full range of natural Watson-Crick pairs, mismatched pairs, and artificial DNA base pairs. Our analyses provide detailed insight into the role and relative importance of the various types of interactions, such as, hydrogen bonding, π-π stacking interactions, and solvation/desolvation. Furthermore, we have analyzed the functionality of the twist-angle on the stability of the structure. Interestingly, we can show that all stacked base pairs benefit from a stabilization by 6 to 12 kcal mol −1 if stacked base pairs are twisted from 0°to 36°, that is, if they are mutually rotated from a congruent superposition to the mutually twisted stacking configuration that occurs in B-DNA. This holds especially for stacked AT pairs but also for other stacked base pairs, including GC. The electronic mechanism behind this preference for a twisted arrangement depends on the base pairs involved. We also show that so-called "diagonal interactions" (or cross terms) in the stacked base pairs are crucial for understanding the stability of B-DNA, in particular, in GC-rich sequences. † Electronic supplementary information (ESI) available: Stacking interaction energies and energy decomposition analyses of some stacked base pairs enclosed. See
Introduction
Stacking interactions play a central role in determining the structure and stability of DNA, as follows from various computational studies. 1, 2 Recently, we revealed the importance of π-π stacking as well solvent effects for the immensely high fidelity with which DNA replication occurs. 2 This study consisted of the first high-level quantum chemical study on DNA replication covering not only the formation of DNA base pairs but also π-π stacking interactions in a model system consisting of four DNA bases. We showed that the intrinsic affinity of the template-primer complex to select the correct natural DNA base derives from the concerted action of hydrogen-bonding patterns, (de)solvation effects, twist angle and π-π stacking interactions. 2 It was shown how π-π stacking plays a less pro-nounced role for the selectivity, but it is important for the overall stability of the aggregate of incoming nucleotide and the template-primer complex.
In the present work, we wish to gain more insight in the stability of the structure of B-DNA with high-level quantum chemical computations. It is known that the stability of the double helical structure of B-DNA is supplied by the hydrogen bonds as proposed by Watson and Crick 3 and by the stacking interactions. However, the relative importance of both stabilizing interactions as well as how they interfere with each other is largely unknown. The hydrogen bonds in Watson-Crick base pairs and mismatches thereof were shown to posses both electrostatic and covalent (i.e., orbital interaction) character with reinforcement by π polarization. 4 More recently, 5 a series of Watson-Crick base pairs and mismatched DNA base pairs were analyzed in order to obtain a better comprehension of the hydrogen-bonding mechanism under aqueous solvation (see Scheme 1). This work also considered tautomerization, which might occur in aqueous conditions. 6 The lactim forms of guanine (G*) or thymine (T*), as well as the imino forms of cytosine (C*) or adenine (A*) were paired with a complementary natural base. 7 In addition, the pairs formed with an isostere of T, 2,4-difluorotoluene (F) were also taken into account. Kool et al. 8 demonstrated experimentally that F can be correctly incorporated into template-primer complexes, forming A-F pairs, in the presence of DNA polymerase. This finding was explained computationally with the presence of the attractive donor-acceptor interactions in the weak hydrogen bonding. 9 The charge transfer interactions relieve the repulsive interaction when the A-F pair is confined to the spatial pocket of the polymerase. Finally, also the pairing of 5-chlorouracil paired with A was studied (see Scheme 2) . 5 This mimic of uracil has recently been found 10 by Marlière et al. to correctly incorporate into an Escherichia coli strain with the posterior survival of the bacteria without the need of the initial T. From previous work, we know that in the condensed phase all hydrogen bonds of the base pairs become weaker and most of these bonds elongate. This can be explained by the stabilization of the lone pairs in the separate bases involved in hydrogen bonding.
Thus, herein, we want to incorporate the stacking interactions into our computational investigations and analyze Scheme 1 Watson-Crick and mismatched base pairs. structure and bonding in the stacks of 47 base pairs, including natural, mismatched and artificial stacked base pairs. Our structural and bonding analyses are based on state-of-the-art Kohn-Sham molecular orbital theory at the BP86-D/TZ2P level. We investigate the different interactions that add to the stable structure of B-DNA: that is hydrogen-bonding, π-π stacking interactions, cross-terms (interaction between X and Y′, see Scheme 3) and the influence of these two interactions onto each other. We complement these analyses with an exploration of the role of solvation and of the twist-angle.
Computational methods

General procedure
All calculations were carried out with the ADF program 11 using dispersion-corrected density functional theory (using Grimme's DFT-D correction) 12 at the BP86-D/TZ2P level of theory. 13 Solvent effects in aqueous solution are described with the COSMO model, which takes effectively into account cavitation, internal energy and entropy effects of the solvent and yields an estimate of the Gibbs free energies. 14 The BP86-D functional was recently shown to yield hydrogen-bonding structures and energies for AT and GC Watson-Crick pairs and stacked configurations 15 that agree excellently with the best ab initio CCSD(T) benchmark data. 16 All systems have been optimized under C s symmetry constraint with the aim to simulate the experimental condition B-DNA where the base pairs are nearly planar and attached to the backbone. Previously, it was shown that the difference in stability between such C s -symmetric structures and fully optimized, non-planar geometries is very small: bond energies at the relaxed C 1 and C s conformations differ by 0.1 kcal mol −1 or less (except for the GA and GG1 systems that differ 0.6 and 0.3 kcal mol −1 , respectively, because of the pyramidalization of the amino group). 5, 17 separated bases are combined to form the base pair, and can be decomposed:
Here, ΔV elstat corresponds to the classical electrostatic interaction between the unperturbed charge distributions of the prepared bases and is usually attractive. The Pauli-repulsion ΔE Pauli comprises the destabilizing interactions between occupied orbitals and is responsible for the steric repulsions. The orbital interaction ΔE oi accounts for charge transfer (donoracceptor interactions between occupied orbitals on one moiety with unoccupied orbitals of the other, including the HOMO-LUMO interactions) and polarization (empty/occupied orbital mixing on one fragment due to the presence of another fragment). The latter can be decomposed into the contributions from each irreducible representation of the interacting system (i.e. σ and π in our planar base pairs). Finally, the ΔE disp term (Grimme's DFT-D correction) accounts for the dispersion interactions. 12, 19 
Model systems
In this computational investigation, stacked base pairs will be considered (see Scheme 3) . Equivalent base pairs (X-Y and X′-Y′) are stacked above each other with a distance of 3.4 Å between the planes of the base pairs (see Scheme 3). The calculations were done at a twist angle of 0°and 36°to understand the role of the angle in the stabilization of B-DNA. The following nomenclature is used throughout this work: a dash "-" denotes hydrogen bonding; a slash "/" denotes stacking; the prime denotes the lower base and the fragments are put between parenthesis (see Scheme 3). Thus, ΔE (X-Y)/(X′-Y′) π-π denotes the stacking interaction between two identical base pairs X-Y, and ΔE (X/X′)-(Y/Y′) HB denotes the hydrogen bonding interaction between two stacked X bases (X/X′) with two stacked Y bases (Y/Y′). The separate terms of the interactions in the stacked base pairs are represented as: ΔE X/X′ π-π is the stacking interaction between two bases X, ΔE X-Y HB is the hydrogen bonding interaction between base X and base Y and ΔE X/Y′ cross denotes the cross-term interaction between the diagonally opposite bases X and Y′ (see Scheme 3) .
The cooperativity within the hydrogen bond energy of one base pair XY due to the simultaneous occurrence of the stacking can be calculated as follows (see Scheme 3):
If the value of ΔΔE coop (H) is negative, the stacking reinforces the hydrogen bonding. The influence of the hydrogen bonds on the stacking interactions can be calculated as follows:
If the value of ΔΔE coop (π) is negative the hydrogen bonds reinforce the stacking interactions. It can be easily derived (see ESI †) that for the definition of cooperativity proposed above, the following holds: ΔΔE coop (H) = ΔΔE coop (π). Therefore we refer in the remaining text as ΔΔE coop .
Results and discussion
The series of base pairs studied comprises the natural Watson-Crick, mismatched and artificial DNA base pairs as mentioned above (see Schemes 1 and 2). To understand the stabilizing interactions in B-DNA and supramolecular systems inspired by DNA, we have analyzed a stack of two identical base pairs at a distance of 3.4 Å, X-Y/X′-Y′ (see Scheme 3). We have used for that purpose the geometries of the base pairs obtained from BP86-D/TZ2P optimizations. 5 The dimer of two base pairs is stabilized by hydrogen bonding between the bases within one layer, and stacking interactions between the bases of the different layers.
Hydrogen bonding
The hydrogen-bond interaction energies, ΔE (X/X′)-(Y/Y′) HB , for all stacked systems (X-Y/X′-Y′) are calculated as the interaction between two stacked X bases and two stacked Y bases, thus X/X′ and Y/Y′ (see Tables 1 and 2) . Table 1 shows the values for the series of 31 Watson-Crick and mismatched base pairs, and Table 2 encloses the values for the RNA and modified base pairs. Comparison of the calculated hydrogen bonds energies at a twist angle of 0°and 36°, reveals that they are almost equivalent with differences of less than 1.4 kcal mol −1 . Furthermore, we observe that the hydrogen bonds energies are almost halved when the stack is solvated by water, which is in correspondence with our previous findings for the single base pairs. 5, 6, 15 To investigate if the hydrogen bond interaction energies in a stack differ from the hydrogen bond interaction energies in an isolated base pair, we compared for the gas phase situation the hydrogen bond interaction energies of the stack, ΔE (X/X′)-(Y/Y′) HB , to twice the hydrogen bond interaction energies of an isolated base pair X-Y, ΔE X-Y HB . The outcome is that the hydrogen bond interaction energies are always larger (in absolute value) in the stack (except GCRWC by 0.4 kcal mol −1 ). For the Watson-Crick base pairs the hydrogen bonds of the stacked system amounts at a twist angle of 0°in the gas phase to −45.4 kcal mol −1 for ATWC and −82.0 kcal mol −1 for GCWC, whereas twice the hydrogen bond energy of ATWC and GCWC sums up to −41.8 kcal mol −1 and −73.8 kcal mol −1 , respectively. This can be rationalized as the values of the stack cannot be fully attributed to the hydrogen bonds alone. There are two bases per layer, so there are also interactions present between bases that are in a sense diagonally to each other, that is on opposite sides and in different layers, the so-called cross terms (see Scheme 3). These cross-terms also contribute to the "hydrogen-bond" interaction of these systems (ΔE X/Y′ cross and ΔE X′/Y cross ). For the naturally occurring Watson-Crick base pairs these cross-terms amount to −2.6 kcal mol −1 and −10.0 kcal mol −1 for stacked ATWC and GCWC respectively at a twist angle of 0°(see Tables 1 and 3 ). This shows the importance of the cross terms, which cannot be underestimated in such stacked systems, for which we usually only refer to the π-π stacking interactions. The cross term is always attractive in the gas-phase, and it is larger for GC-rich DNA than for AT-rich DNA. So, that adds up to an extra stabilization of the GC-rich DNA. This outcome shows that the GC rich double strands of DNA are stronger bonded not only because of their stronger hydrogen bonds, but also due to their larger crossterms between G and C′ and between G′ and C (-5.2 and −3.2 kcal mol −1 respectively at a twist angle of 36°, see Table 3 ). Other stacked base pairs with large cross terms are GCx, GG3 and GT* (-9.0 kcal mol −1 , −10.8 kcal mol −1 and −7.6 kcal mol −1 at a twist angle of 36°).
After having established that the cross-terms make a large contribution to the hydrogen bonding, we want to determine if there is a cooperativity between the hydrogen bonding and the stacking interactions. Therefore, the ΔΔE coop is calculated as the difference between the hydrogen bond energy of the stack ΔE (X/X′)-(Y/Y′) HB , and the individual terms (2ΔE X-Y HB + ΔE X/Y′ cross + ΔE X′/Y cross ). A negative value of ΔΔE coop corresponds to cooperativity and a positive value to non-cooperative effect (see Tables 1  and 2 ). The largest non-cooperativity is found at a twist angle of 0°for the base pairs with a surplus of hydrogen bonds pointing in one direction. In the case of GCWC, GCRWC, GG1, GG3 and GGx the non-cooperative effect amounts to respectively 1.8, 2.6, 2.8, 2.2 and 3.0 kcal mol −1 . A surplus of hydrogen bonds in one direction leads to a charge accumulation on one side of the stack and a charge depletion on the other side of the stack due to the donor-acceptor interactions in the hydrogen bonds. 4 The DNA bases on top of each other will therefore repel each other slightly. This non-cooperative effect will be explained in more detail below.
The energy decomposition analysis for the hydrogen bonds between the stacked X/X′ and Y/Y′ is given in Table 4 . As already observed for the base pairs alone, for the stacked Table 1 Stacking energy ΔE π-π , hydrogen bond interaction ΔE HB and cross terms ΔE cross (in kcal mol −1 ) for two identical stacked bases pairs X-Y, at a twist angle of 0°and 36°a
XY Stacking b
Hydrogen bonding 
Stacking interactions
The π-π stacking interactions present in the stacked dimers of the base pairs can be influenced by the twist angle, the solvent and hydrogen bonds. The stacking energy, ΔE (X-Y)/(X′-Y′) π-π is calculated as the energy difference between the stacked base pairs and the individual base pairs (X-Y and X′-Y′), both in gas phase and in aqueous solution and by considering the fully parallel base pairs with a twist angle (tw) of 0°, and the natural occurring twist angle of 36°(see Tables 1 and 2) . Table 1 shows the corresponding values for the series of 31 Watson-Crick and mismatched base pairs, and Table 2 encloses those for the RNA and modified base pairs.
The stacking interaction is always more attractive at a twist angle of 36°in gas phase (see Tables 1 and 2 ) and in water (see also Table S1 of the ESI †). In vacuo, the average gain in stacking energy by twisting from 0°to 36°amounts to −7.9 kcal mol −1 , and in water to −2.2 kcal mol −1 (see Tables 1 and 2) . ΔΔ gas values in Tables 1 and 2 denote the energy difference between the stacking energy at a twist angle of 36°and at 0°in the gas phase. These ΔΔ gas values range from −5.8 kcal mol −1 to −11.6 kcal mol −1 .
The natural occurring DNA base pairs ATWC and GCWC will be explained in more detail, because of their biological importance. At the B-DNA twist angle and under solvated conditions, the stacking interaction is quite similar in energy for the Watson-Crick base pairs: the stacking interaction amounts to −9.8 kcal mol −1 for (A-T)/(A′-T′) and for (G-C)/(G′-C′) to −9.7 kcal mol −1 . Thus, under natural conditions (solvation and twist-angle of 36°) the stabilization to structure of B-DNA by the π-π stacking between two ATWC pairs or two GCWC pairs is equalized.
In the gas phase, the ΔE (X-Y)/(X′-Y′) π-π amounts for AT to −12.2 kcal mol −1 at 36°and for GC to −9.8 kcal mol −1 . These values confirm our previous values obtained at the LDA/TZ2P and KT1/TZ2P levels of theory. 1d The decomposition of this stacking interaction into the individual terms of base-base stacking interaction (ΔE X/X′ π-π ) and cross terms (ΔE X/Y′ π-π ) is given in Table 3 . For the stacked ATWC base pair, the largest contribution to the total stacking interaction comes from the basebase stacking interaction, ΔE X/X′ π-π (−5.4 kcal mol −1 for A/A′ and −3.8 kcal mol −1 for T/T′) and not from the cross terms (-0.9 kcal mol −1 and −1.1 kcal mol −1 ). The stacking interaction for GCWC is built up in a different way. Unexpectedly, the cross terms play a much more important role than the stacking terms: ΔE X/X′ π-π is −2.5 kcal mol −1 for X = G and −0.3 for X = C and the cross-terms are −5.2 kcal mol −1 and −3.2 kcal mol −1 at the natural twist angle.
The Watson-Crick base pairs improve their stacking interactions in the gas phase by −8.3 kcal mol −1 for ATWC and −6.8 kcal mol −1 for GCWC by increasing the twist angle from 0°to the natural angle of 36°. To understand how this increase Table 2 Stacking energy ΔE π-π , hydrogen bond interaction ΔE HB and cross terms ΔE cross (in kcal mol −1 ) for two identical stacked bases pairs X-Y, at a twist angle of 0°and 36°a
XY
Stacking b
Hydrogen bonding is established, we carried out an energy decomposition analysis for both ATWC and GCWC stacked systems at both twistangles (see Table 3 ). The enhanced stacking interaction at the experimental twist angle is partly due to a decrease of Pauli repulsion: −11.4 kcal mol −1 for ATWC and −6.2 kcal mol −1 for GCWC (see Table 3 ). The electrostatic interaction and the dispersion interaction counteract each other for both systems: ΔV elstat improves by twisting from 0°to 36°(-2.7 kcal mol −1 for ATWC and −3.6 kcal mol −1 for GCWC) and the dispersion interaction diminishes by 4.1 kcal mol −1 for ATWC and 3.2 kcal mol −1 for GCWC. The stacking interaction can be divided up in the individual terms of base-base stacking (X/X′ and Y/Y′) and cross terms (X/Y′ and Y/X′), see Table 3 . The energy decomposition of these individual terms reveals that the reduction of the Pauli repulsion is twice as large for the stacked T/T′ pair (−8.0 kcal mol −1 ), than for the other three stacked systems (−3.8 kcal mol −1 , −3.4 kcal mol −1 and −3.6 kcal mol −1 for respectively, A/A′, G/G′ and C/C′). This larger reduction of the Pauli repulsion can be attributed to the release of the repulsive interaction between the two methyl groups of thymine bases. Relaxation of the methyl groups of thymine, while keeping the rest of the base pairs fixed, reduces the Pauli repulsion from 26.5 to 21.5 kcal mol −1 for a twist angle of 0°a nd from 15.1 to 14.9 kcal mol −1 for 36°. The values of the stacking interaction for AT show that it is not necessary to relax the methyl groups at a twist angle of 36°as the interaction energy and the decomposition thereof give almost the same values.
A comparison of the decomposed interaction energy at the natural twist angle for the stacked GCWC and the ATWC (with relaxed methyl groups) reveals that the larger interaction energy of the stacked ATWC pairs of −12.2 kcal mol −1 than of the stacked GCWC pairs (−9.8 kcal mol −1 ) can be attributed to the more attractive electrostatic interaction of −5.2 kcal mol −1 for ATWC as the other terms are almost similar in size (see Table 3 ). This difference in electrostatic interaction can be ascribed to accumulation of electronic charge on the guanine base as it has two proton donors and one acceptor. This difference between ATWC and GCWC is only apparent in the gas phase because solvated in water these charge accumulations are stabilized leading to equal stacking interactions under natural conditions (vide infra).
The repulsive interactions between methyl groups at a twist angle of 0°are visible also in other stacked base pairs, particularly base pairs which contain four thymine bases such as stacked TT3, TT4 and TT5. In Table 5 , the decomposition of the stacking energy for TT3 is presented (see also Table S2 of the ESI †). At the twist angle of 0°, the Pauli repulsion amounts to 30.9 kcal mol −1 and lowers to 12.2 kcal mol −1 when the base pair is twisted to 36°. Also, in this case relaxation of the methyl groups reduces the Pauli repulsion at a twist angle of 0°(21.0 kcal mol −1 ) and results in an attractive stacking interaction at 0°. However, relaxation of the methyl groups has almost no effect at a twist angle of 36°.
The next point that we want to address is whether the π-π stacking interactions are influenced by the hydrogen bonds. At the twist angle of 0°where the influence is more pronounced, we compare the ΔE (X-Y)/(X′-Y′) π-π with the sum of the pairwise terms. The latter does not contain the influence by hydrogen bonding (see Tables 3 and 5 ). For the natural occurring stacks of ATWC, the interaction energy amounts to −3.9 kcal mol −1 at a twist of 0°and the sum to −2.8 kcal mol −1 . The influence of the hydrogen bonds on the stacking interaction is thus small. Somewhat larger is the influence in the stacking interaction of the GCWC pairs. Two stacked GCWC pairs at a twist angle of 0°have an interaction energy of −3.0 kcal mol −1 and the individual terms sum up to −4.9 kcal mol −1 . The influence of the hydrogen bonds on the stacking interactions in stacked GCWC pairs is larger than in the stacked ATWC pairs. The ATWC pair has two hydrogen bonds in opposite directions, which do not lead to charge accumulations on one of the bases. The odd number of hydrogen bonds in the GCWC base pair results in an electronic charge accumulation on guanine, which disfavors the electrostatic interaction in the stacked GCWC base pairs. ΔV elstat amounts to 1.1 kcal mol −1 for the stacked GCWC and the individual terms of the electrostatic interaction sum up to −0.1 kcal mol −1 (see Table 3 ). This disfavoring of the stacking interactions by the hydrogen bonds is also visible for other stacked base pairs, that is CCx, GCRWC and GGx (see Table 5 , and Table S2 of the ESI †). These base pairs experience charge accumulation because they have only one hydrogen bond (CCx) or two hydrogen bonds in the same direction (GCRWC and GGx) between the bases. The numbers for the stacked GGx are the most illustrative. The stacking interaction energy is repulsive for the stacked GGx at a twist angle of 0°by 1.9 kcal mol −1 , whereas the sum of the individual terms is attractive by 1.2 kcal mol −1 : a difference of 3.1 kcal mol −1 . Also in this case, solvation in water will stabilize the charge accumulations.
Cross interactions
A/T′ 0°0.5 −0.8 −0.2 −0.9 −1.3 36°0.8 −0.2 −0.3 −1.2 −0.9 G/C′ 0°0.6 −3.9 −0.8 −1.0 −5.0 36°0.9 −4.0 −0.9 −1.2 −5.2 A′/T 0°0.5 −0.8 −0.2 −0.9 −1.3 36°0.7 −0.4 −0.3 −1.1 −1.1 G′/C 0°0.6 −3.9 −0.8 −1.0 −5.0 36°1.1 −2.1 −0.8 −1.4 −3.
Conclusions
The cohesion between B-DNA's single strands is not only determined by Watson-Crick hydrogen bonding but also by the diagonal interactions (cross terms) between a base in one base pair and the opposite base in the next base pair in the stack. These cross terms are particularly stabilizing between stacks of GC pairs which further reinforces the stability of GC-rich sequences which already benefit from stronger Watson-Crick hydrogen bonding (cf. Barone et al. 20 ). This follows from our quantum chemical analyses of a series of 47 stacked dimers of Watson-Crick, mismatched and modified DNA base pairs, based on using dispersion-corrected density functional theory (DFT-D). Furthermore, solvation not only weakens but also equalizes both Watson-Crick hydrogen bonding in AT and GC base pairs as well as the π-π stacking interaction between two AT pairs and that between two GC pairs. In the gas phase, stacked GC pairs are involved in a significantly stronger stacking interaction than stacked AT pairs. In the condensed-phase, solvation stabilizes individual GC pairs more strongly than AT pairs because Watson-Crick pairing leads to a net charge separation in the former that benefits more from interaction with the solvent medium.
Interestingly, the experimental twist angle of 36°is crucial for the stability of B-DNA: it leads to a stabilization of around 8 kcal mol −1 compared to a twist angle of 0°. The increase in stabilization is mainly attributed to a reduction of Pauli repulsion between the π electrons of the aromatic bases and, in the case of thymine, the C-H bonds of the methyl substituents. Note that these Pauli repulsion effects derive from the existence of a non-negligible π-π overlap. This is exactly the overlap that is also behind DNA's capability to conduct holes after ionization. 21 
